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I NTRODUCTI ON

Granular activated carbon (GAC) is used at Load, Assemble, and Pack P'lants

for the treatment of pink wastewaters. Current practice of disposal of the spent I
GAC is by open-field incineration, which is both costly and leads to air pollu-

tion. A I.Kre desirable method of dealing with this problem would be regenerat onn0

of the spent GAC by solvent extraction. Solvent regeneration would be cost-

effective not onlV in extending the useful life of the absorbent, but also in its

potential for recovering explosives. Fur the development of an efficient solv.ent A

regeneration process, an understanding of the mechanism of adsorption and of the I
surface properties of GAC was necessary. Previous reports, (refs 1 and 2) dwelt

on the interaction of TNT with the surface of GAC. In reference I it was shown

that the rate and extent of adsorption of TNT are strongly dependent on -h"- par-

ticle size of the GAC (diffusion rate controlled) and are independent n -,H, and

temperature.

The deactivation of the carbon surface was shown to involve a progressive,

irreversible occlusion of the microporous structure with each successive TNT
adsorption-acetone desorption cycle. The irreversibility of TNT adsorption was
attributed to chemical interaction due to the active nature of the carbon and/or

the pore size distribution. It was postulated that the TNT adsorbate mol-cules

are attracted first to regions of the surface which have the highest energy.

These regions are associated with various functional groups and surface carbon
atoms having incomplete coordination numbers. Accordingly, the approachi ;as to

pacify the surface by reacting the high energy sites with molecules, which would
then permit subsequently adsorbed TNT molecules to be easily desorbed. Charac-

teristics of a GAC with an improved cycling capability were determined (ref 2),
and it was found that this improvement is due primarily to a reduction in number

of active sites, a shift to a larger pore volume, a larger ratio of pore opening
to pore diameter, and an increased number of pores in the diameter range of 50 to

100A.

As the next phase in this study of solvent regeneration of spent carbon, the

investigation described in this report deals with the affect of the RDX (cyclo-
trimethylenetrinitramine) molecule upon the regenerative properties of some of
the same GAC's used in the TNT studies. Also, the interaction of RDX with the

carbon surface has been examined under the same parametric conditions employed
for TNT.

EXPERIMENTAL

Charcoal Preparation

The activated carbon used in this study was FS300 obtained from Calgon Cor-
poration, Pittsburg, PA. The carbon was ground to a 40/80 mesh, washed thor-

oughly with distilled water, and dried at 150°C for 2 hours. Other GAC's used
were FS400 from Calgon Corporation, and WITCO 337 (now designated as grade 965

from WITCO Corporation, New York, NY). These GAC's were alto ground to a 43/80

mesh, water washed, and dried.

L _ a



Mate ria as

The gases, hydrogen, methaneargon, nitric oxide, and nitrogen dioxide used

In the pretreatment of charcoal were of reagent quality.

Pretreatments

All pretreated samples were obtained from a master batch of FS300 prepared as
descrihed above. The FS300 carbon was placed in a quartz tune (50 cm by 1 .6 cm)
and hydrogen and 10% methane in 90Z argon were allowed separately to flow through
the tube at a flow rate of 2 to 3 milliliters (mL)/min. After the air was dis-

placed, the tube was heated in a previously calibrated tabe furnace to the exper-
imental temperature and allowed to remain at this temperature for the required
time. Cooling was accomplished by allowing the gas to flow until room tempera-
ture was reached.

The NO and NO, treated carbons were prepared by allowing the vapors to dis-

place the air in stoppered flasks, and to remain in contact with the carbons at
ambient temperature for the requisite time. The excess vapors were absorbed in
caustic solution when preparing the samples.

The NO9 treated sample was stored in a vacuum desiccator and pumped to remove
excess NO2. The NO treated sample was washed with distilled water and then dried
in a vacuum desiccator.

Water .dsorption Isotherms

Wa,'e: adsorption Isotherms were determined gravimetrically on a quartz spring

balance (Worden Quartz Products, Inc.), which had an absolute sensitivity of 7 a

micrograms per gram of sample. The water vapor pressures were measured with a
100 laT, barocol (Datametrics, Inc.) capacitive differential manometer sensor and
associated electronics enabling accur-e readings to better rl-sn 10- z.

Ultravioet Analysis of Aqueous Solutions

A Beckman DUI spectrophotometer equipped with I cm Iretched quartz cells was
used for the analysis of aqueous solutions of RDX. A stock solution of RDX (40
ppm) was prepared by dissolving 40 mg of recrystallized RDX (HMX-free) in I liter

of distilled water. Aliquots of the stock solution were taken to prepare I to 10

ppm inclusively of standard RDX solutions. The absorhance- of these standard

solutions were measured on the spectrophotometer at 234 nm against a distilled

water blank. The absorbances were plotted versus concentration, giving a linear
plot. Unknown solutions were diluted to a concentration in the range of : to 10

ppm, the absorbances determined, and the appropriate dilution factor applied to
give the concentration.
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Columni Cyc I 1~ (Adsor It Lioii-1)e~or;~ I, on')

A 14 x 'lt) cm gas;s coltimn with 19/22 Joints at ho th ends, was p1 oggetd insL

anov'e the Io [int a t theit h "t t om 0 11d w IIith! la ss wool,. A -1: shaped siphon Onti itt

was placed at this end of the coluimn and the top end was fit ted witi I. 1 i i tr

funnel to hteld stoc-k RDX go tiuti on. The funnol wa-s oqul pped with an cctrI fl ow t ulit

to all ow excess so1 ut i on to rk) buack in~ o the stoc'-k Carlo;. (a 5-gal 111- ] - ;t '- j

yltii; bot tlc) . The'S s-jt io(n-; wa; ipumped t.o- the f tnun1e w f toI a pe r i " t i1 ic pnrpF~

timed to he act iv'ated 50-1 of the time, So as to Mai!Itai u a cooisranlt heat1 p)r es sur ie
.1'= r) 0ml.,) .

Vout;r crams (it GAC were welghed ai(uurit eiy loito a ?iý') ml. beaker ;ilsIu-ri,.i
With Cca. M! it ,lý- Vie wau tu y TuI Sr Pa po Ure-d I I!L to he fM1110 a1, an 1 1 t 1)
settle in the, colurno -with rhe afll of 'gientle tapping and a stream,, of .;aL:- 1wir t

liecess'lr V. Tie pt repa red co! umn was r I ampec i ni tliet ceoit en of i,1- -iI t o)m 't. J

pos it I1on fraction COl V- Ctr CT- hluchier InsL -ziti-sI,,,, Fort Liee', "-I) . The ia ~r-,;
Cal iCc Lu 0 -was e q !i ppued w i Lh an act i vaitor to pe r iod i c a 1 I % ad van1, ct, in adi i os a h I e

glSs fuL IInQa I S - aS t o co I i oc t t.h e el1ueneot i n t lier po 1 V t hy1e n e ho t tin ýS.

On-column cycling, ..as carried out by monitorine the- effluent for H.DX --o 1cen-

t rat Ioun from the c-(Ilumns . The break through poln't was set at an eff!ruent oc-
tration of 'I ppm. Loading, the column with RD)X was ter-mln.ted as soon a- thIe

effluent reached ttlis concentration. The amount of R1PX adsorbed at I ppm e.%lu-
ent concentration was considered the capacity of the carlon. The spe'i A-

sorptioni of the column was calculated by dividing thie totall amount of RD X ad -
sorbed by the weight of catbon iIn thecl'n.

After breakthroughi, the coluimn was desorbed by adding 100 ml, increment.s of
solvent, starting with 20% acetone/water, followed by successive increments o-f
20% iip to 100%. acetone, and continued until approximiately I liter. of eluent was-
collected. The column was then washed with distilled water until all of t he
acetone was displaced (several 100) mL portions). After waterwashing, the COiumn
was ready for adsocption. The acetone extract was reserved for analysis.

The amount of RDX desorbed was deter-miaed by transferriuni the elUote( to a I
liter volumetric flask and diluting to the mark with acetone. A 1n ml. aliqurot
was transferred to a 100 mi. volumetric flask and diluted to the. nrk with water.
A 10C ml. aliquot was then transferred to a 250 mi. beaker, diluted to 1%n mU witi,
distilled water, and evaporated on a hot plate to ca. 50 tal, to reinovo acetone.
The remaining acpieous solutIon %,as transferred quantitatively to a 10,0 ml, volu-
metric flask, d I i tctd to th 'e mark, and Ltie coutceuti etioti determrined by U V

* spectroscopy. The amount of RDX desorbed was calculated as foll 4s:

l00f) 10DO 10
Amit . DX , gg -x -x -F=001 x C (whuere Cls inm

3
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Match (Kr i: (Adanorprion-Desorption)

l- fftv mg of CAC was accurately weighed into I ,glass stfiypered , I lIi tr
Kr lt, o.m1vvr flask, .and 5'"0 ml. of a 3T ppm aqueOuS Solut f 0o1f f",DX added . This

r,atIo of carbon to volume of RDX !tock soluttiori was always tised Lu insure adsorp-
tion at the plateau regilon of tie adsorption isotherm. The charg.ed f I ask 'as
placed on a wrtst-act ion shaker and shaken for 24 hours to attaiTn equilbhrium.
The amount Adsorbed by the carbon was determined by withdrawing an aliquct of
supernatant solution from the flask and determining the concentration of RDX bg,
lUV spoctroscopy. The concentration, C: , w3s subtracttd from the i nitial coic,.n-
I U itt Ion , o' f R)X sto rk :;oln.ition ard thee specific ado rption calcuLated by the
tail inwl'fl,;;

C -C0 1
Speci fi" adsorption

wile I.e

ni - weig-ht of carbon, .atg
2 = correct ion factor for the volumie of RDY solution used
C = Inftin! coo-c,'ntrat for of RI)X stock sojution0

C1= equilibriurm concentration

The 1-iX soluti.on wasi carefully decanted from the carbon and the carboa rinsed
once with a small (M,anL t.. of, water. Fifty mL of CP acetone were added to the
fask, the stoppered flask ;zas shake-n for 1 hour, and the acetone was decanted
into a 250 mi. volumetric flask. The process was repeated two more times with the
washirgs being added to the volumetric flask. After dilution to the rmark, a 10
mlH al qo;ot was pipetted into a 250 mL beaker containing approximately 15 mL of
water, brought to a gentle boll on a hot plate, and evaporated to about 50 mnL.
This process exp~lled the acetone, giving a residual aqueous solution of RDX,
which was diluted to volume (109 ml.) i-. a volurretric flask. The concentration
was determined by M' spectroscopy and the specific desorption calculated a: fol-
lowsr

250 100 C C
Specific desorption = x -0-- x - 2).5n

10 00o) m in

wire re.

ni we.ight of carbon (5( rmg)
C = concentrat ion of RDX, ppm

The erit ire operatI ta was repeated for tirp next cycle using the elutea carbon
remaining In, the flask.

, J I I I I I I I I I I I I I I I I I



REf-','!.TS ANP Ut LIS(OSS Io)N,

The RDX has a low solubility in wat.er (approximately 50) jlm at ?50 Q), ,nl.

aboutt I '3 c If that .t TN'I . 1ince i, is presci ,t in pi nk wot f-r i '' w!l i i.
consilt, ratlon mtust bh ;7iven to its inLt!ractt ,n w Ith I :A(. to rem,'v. it more
efficiently from wastewaters,.

As a ,en,'ral rii.. Ill ridsar)t irn) frIm s(olutloii, les1 sthl t sol Stes -rt M.r.,re

st ron•.ly adsorbed than the more sol uble solutet . !Iow v(tr , In the c-a ,e -F RD)Y;
versus TN%*T, where TNT Is mo re s oILh] l than iH)1x TNT has -i ý,reate r ai orpt I on
affinity than RDY. EvIdonce fo)r this is rpr-'qtor• in 11 fir ., , w I.. si,. 1-, !
conceilt ration r isrrler. on Fr•h :)(l for b,,th 1 xpl,_xp s it! , wiuere te,,: s:r),, jlf Ic
adsorpt1;ions are n lotted atlgainst the reduced ca:'entratc on. 7 he InflIvt lo- uf the
isotherm for TNT is mutch sharper than that for RDX), i ndi catlo;g a hilter y of
adsorp tono for tho, TNT, Th Is hi gher acdsorh t IvI t v and I.i .e r Loe rgY of ad ;o-Pt I Co

i aI t rIb-. rh od to tLe:, aroma t ir , n ure of the TNT molec,•u , a;3 ruont ras..d ,; th.
all iphat c rn c of .RiPX: The "lf satd RDI: molecules contain Ilir.o n•;r, ,r roups

e;a.ch, whi!ch act as stroil,, electron-wilthdrawinI.g groups. The electLro devs:.tv in
the r 01act ron SyStL'm ,,f the aromatic IUN molecule is reduce!', and tthe mo'e-ule
acts as an a,:ct, por in the complex formed wotith rhe carbon slArtace. This c-har',e
ir.nn.for c, miple x I; much s.tron.er than the RDX-,arbo:t cor- plx(.x. Thlus, it a;pe.i
that Ihit- nit r,o ilrOup is direct 1v involved it the solut e-;-_arboni adsorpti' n vind
that I nt e rac tIonl of the aromatic ring with the carbon surfacc must enhan t .ý it s
reactIonr v!a the v, olectron system of the iromatic ring, (TNT) . A ' c ;, i l .na' --
deunc-. for thiG type of mcdialism is given by the work of D.,',;,ano anid Weber c:ited
In rotcreice 3. These researchers examined the adsorptici from Solution _;, 2 ,4-
di jnltropheunol and p-nitrophenol on active carbon and found that the dinttrophenol
was adsorbed more strongly. There is an otbvicusly largct electron withdrawal for

two tittro r(,1')ups as compared to one nitrro group. Since the capac Itv and erier-.'.
of adsorpcion for RDX Is considerably less than that of TNT, It was expected that
the degradati.nt of the (,A(' with cycling would be less for RDX than for TNT".

However, as will he shown later, this is not necesarily the case. As :,men--
tioned in a prev',ous report (ref 2), the ini tial approach towards improving the
solvent regeneratIon of the GAC was to pacify the surface by preferentiali.V
reacting the high, enery sites with certain molecules, which would then fa,,or the
reversible adsorption of TNT mnlecules,. This rationale waF also applied to RDX,
and hence, the ensul ng sLudy of the interaction of RDX with the pretreated ,A0's
used with TNT.

Surface Area Degradation

The same technique was used to evaluate the GAC's for R!)X cYcling as was used
for TNT. The batch cyclilng experTments gIve the equilibritnm coticentrat tou of P.f)X
at the plateau of the RDX isotherm, whereas the column rvoCltng experimomits are
dynamic and do not refer to equilibrium conditions, but rather to the capacity of

the column at the break~hrough point of I ppm. The degradation curves, whiclh
show the loss of capacity with cycling for batch and column, fit the mathematical
model of second order chemical kinetics, and therefore, linear e(uautions may be

' I I I I I I -l i i I I i i I i5



obtained which give the rate of degradation and thle adsorption capacity at zero)
Cyk Ie--,. Tlable 'L presents the values obtained from such treatment of the data,
I e.,. thle rate conistants or rates of degradation, the adsorption capacity, C 0,
aod from rhe integration of these linear equations, the areas under the curves
have been obtained, which m~ay bc used to evaluate the carbons ouactitatively.
The carhots., which demonstr-ated an improvement fin cycling characteristicb over
the standard FS300 virgin, were tile same ones which were superior in reference 2,
namiely Witco 337, FS'S400, and FS3UO/Mi2 . lo addition, two of the pretreated car-
bonls, FS3-OC/CH 4 and FS3CQO/NO, showed a small. improvement, although this was not
the z-ase when cycled with TNT. Figpure 2 presents the linear plots of tire degra-
datio!: curves fo:- the Column CyClilnq experime~nts with the Ordinate i.n terms of
speci F: adsorptilon, a:1. the slope 6f the rate curvEs changed to negative v'alues
~c a,; t.o he more 1r in acorc-ý with the concr-pt of degradation. The order of these

curves is the same as in table ; , namely tile top, cur~ve Is the, one f or Wvitco, the
1101t for FS_0,Y), ind q(- on. We car, tent at ively conci udeý that alht;hthe inter-

act~P)' iw f i th the surr ac-e of GAC appears to he less than tha- of TNTr %w.th
the sam.o- cairbon, the am~oinr of degradat irn &eems to be of the same or~dcr.

-able 2 i ' cotm.pares the sucrfrce areas of the pretreate CAC.'s efo;-e yc-".:nPg and
Af~t-r c'vcl~ng for sevCI*, columnn cycles. The ratia)s of scur~iiae areas ra'ativ4E to
the ati iiF3O.re I !szed for uricycle.1 and cycled carbonis. In general, the

hoC r In v A r hor.. , e.g. Wit-) F~ S400P. FS300/'P hitv.? a hpersr2 Aroýa
'2 1

rar io I rourhi_; rite~sai order ais shown by the cyclifng exrperimerits i,- ta!ble!
The ratitos af ter cycling are even more revealing in that thle order ia the same'L,

.1'-i tia-ýja I dLou-ýjr7!1 df Vt iret .,Lll Illy,~i Thuis rel at ive lons 03. suriace area for the
carbons superior to) FS ',,,. Thte pretrf~atments have had thne effect :,f decTeasing
tho suirface area of the FS3CWI. except in the case of the ilydro'e-o7 pretreatment.
Anc irlnrrpretatiro:) of an increase in etirface area by the hydrogen Pretreatment is
viver.e in the sect ion on adsorptioion-desorpt ion isotiherins

'rf~e p!rogressive decline In ca;pacity writh cycling in the case o;_ TNT was
i~ttr!tiuted to the ýrreversiblil adsorption of TNT nt: pore moathsr. Irn a lIfke man-
tier, the ross of capaci~ty 'when cycling with RDX irn attributed to the fsacre t,'pe of
I rreve-rsiblie adsorption . To establish this, the surface of GAG's with irreversi-
bly a(.scrlled RDX was examined with FSCA. 5 'igure 3 present; the electron spectrum
of neit: RDX, whirh1 :;hows two strong peaks for %itro nitrogent andI arn~ne- nitrogen.
Fi),ure 4~ shows an electron spectrum of the RDX/c.acbon sit-face. complex residue
after 1L wis exhau-tively deiorbed with a-v-tonp. In addition to the two peaks
aittributed to nitro an'd amine nitrogens, there is much -structu're attributed to
reduced oyidative states c i !Jt rogeci, one f c rm of wh Ic h Is ideatifiable as
nt'-rot. o nit rogen. Thesc resultsj are evidence of a chemi cal. react ion o)f RDX with
t1ht. surf-ice ot the carlhon, probably at the active sites cf the? pore rmoiths- As

viatoiit oed he fore, *it has been pos tulated thmt mutch of the I rrevers I bin adsor ptiotri
,1f the TTm)olcule cool d be att ri buted to -T- bonding as w( la to -NO2 charvge
t ra-ns f er at the pore openings -ind because of this buildalp with cycling, the
porouns structure progressively becomes occILides. Although the adsorbtlvity and
thfe amount of RD)X adsorbed is less than that of TNT, the decline in capacity with
1Rt)x cyc]1n,. is relatively large. Thus, in much the same way as with TNT, there
Is a progressive losq of surface area with cycling. The RDX 'carborn complex

formulation may be attributed to the interaction of nitro groups of RDX with the
reouclng carbon f urface, especially at the pore mouths.

6



Adsorpt ion/i)esorpt ion Isotherms

To further examine the porous structure of the CAC's as a function of cylilng
and heace degradacion, water adsorption/desorption Isotheres were used. If a
change in the structure of the pores has taken place, e.g., a narrowing of the
pore openings due to irreversible adsorption, the shape and widcene~s of trh,
hysteresis loop will give a semiquantitatlye picture of the narrdwingw. A common
model of a pore Is the -ink bottle," one where the openlin;' i nt'. the i ok bottle is
very narrow as compared to the wide body.

In general, adsorption on GAC's up to a relative pressure of (,.4 Iý due to
the presence of polar or high energy sites on carbon. Water molecules adsorb at
these sites and act as secondary adsorption sites, which by means of :Iydrogen
bonding adsorb other water molecules. This type of adsorption can take -loce on,
the external surface within the pores, or in the pore openings.

Figure 5 presents the low pressure isotherms for water on FS30),/virgin
FS300/6 cycle (RDX), WITCO/virgin, and WITCOi,6 cycle where the adsorbed wa-er is
expressed in units of water molecules per 10"' . Since water has c cross-
sectional area of 10A 2 per molecule, a statistical monolayer occurs s-hen the
amount adsorbed is 10 molecules per 100)A2 . The results Jr, figure 5 show that all
the charcoal samples are relatively hydrophobic. Both the FS300 and W'.TCO 337
virgin charcoals are very similar In their degree of hydrophobicity. The
surprising result, however, is that after six cycles of RDX exposure, the WITCO
337 becomes more hydrophobic, while the FS300 becomes more hydrophilic. The
interpretation is that the chemi-and strongly adsorbed RJ)X is essentially hydro-
philic, and that therefore, there is more chemi-and strongly adsorbed RDX left on
FS300 than on the WITCO 337 after solvent regeneration. The difference also may
be due to the fact that WITCO is manufactured from a petroleum based stock and
FS300 from bituminous coal.

The steep rise In the adsorption isotherm curve in the higher relative pres-
sure region is associated with condensation in the pores which is rplated to the
pore diameters as described by the Kelvin equation. The pressure on the adsorp-
tion side of the hysteresis loop is in equilibrium with menisci in the body of
the pores, and therefore gives information about the pore body diameters. During
the course of desorption, the pressure is in equilibrium with menisci at the
narrow pore mouths, and gives information about the pore mouth diameters. The
hysteresis loop yields information concerning the size, shape, and uniformity of
the pores. The more vertical the adsorption and desorption legs of the loop are,
the more uniform in size are the pores.

Pore size analyses from water adsorption/desorption isothermb of the various
samples of carbon were carried out using FS300 as the standard for comparison.
Changes in pore size distributions are graphically set forth in figures 6 through
15. For a given carbon pore body or pore opening diameter, the amount of water
adsorbed is shown on the ordinate as the positive or negative difference from the
amount of water adsorbed on FS300. A positive number shows a higher concentra-
tion of that pore, size and conversely, a negative number shows a lower concen-
tration of that pore size than the same size pore in the FS300.

7



Figure 6 shows the relative changes in pore opening diameter of FS300/1
cycle/RPX and FS300/6 cycle/RDX. A progressive shift to a higher concentration
of pore openings in the 20 to 30A diameter range is observed, and a marked shift
to a lower concentration of pore openings in the range above 30A is shown to take
place with cycling. The pore body plots (fig. 7) shows a similar trend where a
ii ,iher concentration of pore bodies occurs in the 20 to 35A range, and a lower
concentration in the higher size pore bodies due to progressive filling of the
pore bodies.

Figure 8 depicts the pore opening diameters of virgin and cycled FS400 rela-
tive to FS3on. FS400 has a higher concentration of pore opening diameters ],- the
ranige from 20 to 80A. After seven cycles, there is an increase in the concen-
tration of pore openings in the 20 to 35A diameter range, and a small decrease in
the concentration of pore openings In the 20 to 35A diameter range. This pattern
is repeated as shown in figure 9 where the pore body diameter concentration in
the 20 to 80A range Is greater for the virgin FS400. After cycling there is the
usual increase in the concentration of pore bodies in the 20 to 35A diameter
range and a gradual decrease in the concentration of pore bcdies in the 35 to 80A
range, where even with the decrease after seven cycles, the concentration of pore
bodies above 50A is similar to those of virgin FS300.

F•guie 10 shows the pore opening diameters ot FS300/H 2 before and after seven
cycles. A marked increase in the concentration of pore openings in the range 20
to 30A after cycling is observed, together with . decrease in concentration of
pore openings above hA. There is a decrease in the concentration of the small
pore openigs and a slight increase in the concentration of the larger pore open-
ings as a result of the hydrogen treatment, and in the case of the pore body
diamete( (fig. II), the FS300/H before cycling showed a loss of concentration
from 20 to 80A, after cycling there is the usual gain in concentration of pore
diameters in tr, smaller diameters and loss of concentration of pores above 57A.
Its ;uperior cycling characterisLics then must be attributed to the larger pore
rr utL openJngs, and an increase in pore body diameters above 80A.

The GAC with the best cycling performance in this series, WITCO 337 (fig.
IP), shows a pore opening diameter concentration slightly different than does the
FS30(. >n the range 20 to 35A, but with pore opening diameters in the range above
35A at a much higher concentration. With cycling there is the usual growth in
the zoncentration of pore opening diameters in the lower range of 20 to 35A, and
a decrease in concentration in the range above 35A.

In the case of the pore body diameters (fift. 13), virgin WITCO shows a lower
cncentratton of pore bodies in the range below 52A. After one cycle there
appeoars ti ho an anomalv, namely a growth In the number I pores with pore body
diameters in the range between 20 to 80A. Since a gro..i' in concentration of
the,:e pores can only take place at the expense of larger pore bodies, it can be
postilated that the virgin WITCO has a higher concentration of pores over 80A in
diametcer aud that irreversible adsorption has narrowed a significant proportion
of them. With continued cycling, the number of pore body diameters between 20
and 80A is diminished. As mentioned before, WITCO is derived from a petroleum
stock, and Its pore shapes may be different from carbons derived from a coal base

.tich as tisse of the FS3MO ser os.



The pore opening (fig. 14) and pore body diameter (fig. 15) distributions of
FS30O/NO and FS300/CH4 are quite similar to those of cycled FS300; that Is, RDX
cycling results in an increase in the relative concentration of pores in the 25
to 35A range and a decrease in the concentration of pores above 35A. Since both
these carbons were slightly superior to FS300 In their cycling properties, thl'Z
trend can be attributed to a smaller loss of pores above 35', which can be seen
by comparing figures 14 and 15 with figures 6 and 7.

This smaller decrease in the concentration of pore opening diameters and pore
body diameters above 35A with cycling can probably be attributed to the
passivation of the carbon with the small chemisorbed CH and NO molecules teýnding
to make the build-up of the RDX chemisorbed moiety smaller than with thu standard
FS300. Thus, it is conceivable that a superior carbon for solvent regeneration
could be developed by the proper selection of pore concentrations and sekected
passivation treatments.

Some additional insight Into the reasons for the improved cycling beh...iJ of
FS400 and WITCO 337 may be seen in table 3, where the number of molecule3 of RDX
adsorbed are reported on a unit surface area basis. The WITCO and FS400 have
adsorbed a larger number of RDX molecules. This can be attributed to easier
access of the RDX molecules through wider pore mouths to the surfaces of the
pores, whereas with the FS300 it can be postulated that some of the pore surface
area is not available to the RDX molecule because of smaller pore mouth
diameters.

CONCLUSIONS

It has been shown that TNT and RDX chemisorb at the active sites on the
activated carbon surface. The reaction of TNT is via riT- bonding, as well as via
-NO2 charge transfer, forming complexes at the surface which build up with
adsorption-solvent desorption cycling, leading to a progressive loss of
surface. The reaction of RDX is limited to -NO 2 charge transfer, also leading to
a progressive loss of surface.

Some of the pretreatments have drastically altered the pore size distribution
and led to a marked loss of surface area. On the other hand, hydrogen treatment
led to an improved carbon by altering the pore structure. It was found that J.n
agreement with the previous study with TNT (ref 2), carbons which showed superior
cycling properties had increased relative concentrations of pore diameters in the
range from 50 to 100A, and a higher ratio of pore opening diameters to pore body
diameters.

Although pretreatment of the carbon with small molecules to pausivate the
surface has not led to more efficient solvent regeneration, it is conceivable
that in cor.junction vith a proper pore size distribution, truly efficient carbons
for solvent regeneration could be found. Accordingly, a screening of com-
mercially available GAC's with properly selected pore size distributions should
be carried out to select the most suitable ones for an efficient solvent
regeneration process.
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Table I. Rates of degradation of pretreated carbons and Integrated areas under
the degradation curve

BATCH

CorrelationTreatment Rate constant Co coefficient Area X 10-3

FS300 (Virgin) 0.282 0.19 0.91 27Methane at 700°C 0.261 0.22 0.92 32Hydrogen at 1000°C 0.487 0.23 J.90 29NO2  0.443 0.12 0.75 I.NO 0.459 0.19 0.73 26FS400 0.265 0.22 0.82 71WITCO 337 0.232 0.21 0.64 1

COLUMN

FS300 (Virgin) 1.312 0.18 0.88 8Methane at 700oC 0.513 0.22 0.94 27Hydrogen at 1000*C 0.455 0.23 0.92 29NO2  2.551 0.11 0.93 !nNO 0.497 0.14 0.77 ý0FS400 0.479 0.24 0.93 30WITCO 337 0.326 0.27 0.83 36
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Table 2. Surface areas of pretreated carbons

Uncycled carbons Cycled carbons

Surface Area 2 Surface Area
Carbons Mi/g Ratio to FS300 m /g after 7 cycles FS300 -

FS300 (Virgin) 1026 1.000 618 1.000A

FS300/CH4 /5 hrs/ 995 0.970 685 1.108
7000C

FS3oUH 2/1000 0 C/ 1127 1.098 775 1.254
4 hrs I

FS300/N02 '72 hrs 628 0.612 600 0.971
2I

i

FS300/NO/4 hrs/H2 0 794 0.774 735 1.189 1I
FS400 1119 1.091 835 1.351

WITCO 337 1311 1,278 918 1.485 j
4

Table 3. Relative amount of RDX absorbed on carbons

I
4

Surfac area Specific ads. No. miteculei ads.
Carbon at same equil.conc. x,0 /M

FS300 1026 0.302 1.457

zS400 1119 0.365 1.469

WITCO 337 1311 0.456 1.567 4

I

I
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,2-. .•-.. _pb•= •c:(32)

We also have that the slope of the Huqoniot curves is

Combining Eqs. (27), (32), and (33), we get for the slope of the Hugoniot

curves

-- 7 . (3:1)

Thus, the slope of the Rayleigh line is the same as the sloDe of the Huqoniot

curve (which is determined by Eq. (31) ) at the sonic locus. For the case

where there is only one reaction Eq. (31 ) becomes RO or X=I at the sonic

locus. This means that the one reaction is comple-•" at the sonic locus.

This justifies the CJ hypothesis vhich determines the Rayleigh line (and thus D)

by putting it tangent to the co;;,pleted reaction Hugoniot. For the equation

of state of Eq. (5), the above method yields that D satisfies

•x- Ž c< \ . (35)

Eq. (3') has the t,.o rootr.

(1)



The two roots give two Rayleigh lines called R+ and R-. R+ represents a CJ

detonation while D- represents a CJ deflagration. These are depicted in

Fig. 2. For the CJ- solution the solution goes snioothly along R- from to

the values at CJ- attained at the sonic locus. No shock takes place for

this deflagration solution. For the detonation, the Von Neumann model is

that the solution goes along the no reaction Hugoniot from 0 to N,

P=:Pland P=P" (with p, and p determined from Eqs. (16) and (17 ) using

Eq (36) for 1.) and then down from N to CJ+ along R+. A detonation solution going
0

directly from

\

L ; ---"A /e-

Fig. 2. The p- 1/ o plane. CJ+ gives the pressure at the sonic locus for a

detonation.CJ- gives the pressure for a deflagration

0 to CJ+ along R+ with no shock is also allowed. Both solutions have the

same final state CJ+ at the sonic locus and the same D. The no shock solu-

tion does not usually occur because of problems with initiating the reaction.

The Von Neumann model in fact says that the 0-,CJ4 detonation is actually a

mechanical shock to P, followed by a deflayration from N to CJ+. Due to the

way that the equations integrate through a shock, the point CJ+ is the same

with or without a Von Neumann spi ke.

The CJ hypothesis is that the sonic locus is determined by tangency of

the Rayleigh line tc thy: comiplete(d reAction Huqloniot. If there are sever•Al

irreversible exotiherric reactions thisI hypothesis is correct jfor

I-dim•ensional, steady flo.r) If soic of the reicticns are reversible, how.iever,

or if some of the Gi iray Le negative as in iiole decrement reactions , th,.,n

Eq. (31) does not imply that the reactions arc coumpleted at the sonic locus.

(14)



Thus some of the cheinical enery is reltased beyond it. This late energy is

not effective in the detoniition1 aind nc id',ýil bcha'.,ior is fourd. The analysis
of precisely .,hat happens involves a study of tL± phase plane of Eq. (25).

Many complicated resLIlts are possible depending on the details of thea. and

the Ri. A fairly thoro,!(jh discussion of the possibilities can be found in

chapter 5 of Ref. 6, and in W-ood -,nd SalsLurgla)

This brief discussion of steady, 1-dimensional detonations does not

cover the entire subject. In this research effort we have made no con-

tribution to this part of the field. There are good analytical methods,

that supplemented by computer calculations, can predict the nonideal per-

formance of steady, 1-dimensional detcnations. An input to these methods,

however, must contain a realistic description of the reaction kinetics. This

is presently not known for rzost gaseous explosives, let alone solid ones. In

the case of solid explosives, beyond the lack of information concerning the

equation of state and the reaction kinetics, there are also the problems

associated with inhomogeneous mixtures. Here the effects due to grain burning

and diffusion of reactants are not fully worked out.

V. DIVERGENT FLO'../ AND DETONATION FAILURE

When w is not negligible, Egs. (8)-(12) need to be complemented by a

way to compute -- as a function of Z. This depends on the shape of the

exploding charge and on the properties of the confining media. In general,

to compute (, one must solve a difficult free boundary problem with matching

at the boundary to account for the properties of the different media. Even
if w were known, however, thlre are still som.,e interesting difficulties in

integrating Eqs. (U)-(12). The-,e oquations should predict the observed

phenomenon of detonation failure when the diameLer of the exploding cylinder

is small. We will cast those. equaLioi;'. in the form lor flow in a nozzle by

letting

where A is the area of tU- n'nzzle. I1he equa in, b'cn~ne

.(15)
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A- (39)

_ \L/1 (40)

and LA( ý-4 , 0 (41)

I{I

Several authors ha;'c taken the above equations -:i Lf realistic rate terms and

applied computer methods to obtain a variety of results. Some of this work

is summarized in Chapter 5 of Ref. 6. Wecken" takes

I AA - E - constant , (42)

with one Arrhenius reaction to discuss the structure of the reaction zone.

lie is not successful in obtaining detonaLion failure at some critical E- because

of computational difficulties. Tsuge et al.1 2 talke

AA A,- (43)

where aI is the value of the thickness o of (n explosive slab at Zz Q,g is

given in Eq. (16)

A cr ~ ~ i. (\ 1r( 1 ~

(16)
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where P is the density of the confining m1edium. Eq. (43) is obtained by

treating the lateral expansion as a blunt body about which the confining

inert flows. TsugeŽ et al. take a very detailed description of the reaction

kinetics for H2 + I 02 -'I"10 and solve the problem numerically. Their coni-
2

parisons with experiment for exploding slabs are fairly good. Their nuineri-

cal calculations lead to plots as sho-n in Fig. 3. For cI<o there is no

detonation solution, so detonation failure is found in this model. For a >c

they obtain two solution branches. The upper branch is like the usual

1-dimensional detonation M0o of Eq. (36). They did not explore the lower

branch fully because of computational difficulties. They speculate that as
-1 the lovier branch has M-'-l . It will be shown here that this is

incorrect. The limit of the lo.er branch as a, -) is actually M,- M-

as in Eq. (36).

-I

Fig. 3. Rough plot of Mo vs. 1/, in Tsuge et a3.12

Rathor than attacking this problemi numerically from the beginning we will

try to develop the solution analytically as far as possible. We use thc

equation of state given in [I. ( . Then thil - defined in Eq. 26 ) (not

to be confused with the u and u above which %,ere lengths) are given by

C.Z

where,S(L• = -. R 't• •A - U,1. (4G)

(17)
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We rewrite Eq. (39) as

where /C\ • c& (47)

Eq. (47) is to be solved so that dnm/dz remains finite at m=l. A necessary

condition for this is that. the right hand side of Eq. (47) be zero when

m~l. Also at Z=O, x=O and n=m1 with In to be determined. These are

unusual boundary conditions to impose on a first order ordinary differential

equation. Eq. (47) does not satisfy the usual Lipschitz condition needed for

the existence of a solution with a desired value of m at a specific Z . But

the unusual boundary conditions are sufficiently :"free" that a solution will
exist. We do not fix the Z where m=l occurs, the sonic point Z, but we let

the equation tell us so as to keep dm/dz finite. Then we find the value
mI Since the problem presented by Eq. (4-) is not a standard one it is

unclear that a Picard iteration method will converge for it. We have found

useful results with this method, so we will use it with the awareness that
thit may need modification due to convergence difficulties. The n iteration

n
of m, m will be found from

(11 - -- - , (48)

where n 2,3.' j

nwith the right hand side of Eq. (10) equal to zero when m 1 . We also

need to use Eq. (40). The first iterate ml is found by putting the dA/dZ

term equal to zero. The ejuatioI for i'll can he integrated to get

(18)
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J~ Zpr-")

- ' . .. . ... (49)

'Y% ", '( + )( o

where 5 (0)

and where we have used Eq. (46) evaluated at Z=O , with c= c(Z=O).

Imposing the right hand side condition for the m equ'.tion we get

17,- -o at 7W - (51)

If all the qi are positive, and the Ri are as given in Eq. (5), we need

that for the first iteration,at the sonic point z:

m ) i A "U(.•,'S . (52)

For the simple Ri this implies Zs We go to Eq. (49) and

put Xi 1 when ml = to find ml The result is that mi obeys

the equation

Manipulating this equation yields

•2

(19)
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......Eq. (54) is almost the same as Eq. (35). The difference is that in Eq. (35)
we have C0 and D= Mo0c0 wereuas c1 appears in Eq. (54). If we consider the
case with no shock, then c I - c, m I u' , and we have the same result as

in Eq. (35). The srlutions obtained would refer to a no-shock detonation that

goes along O-CJ+ and a no-shock deflagration that goes along O-CJ-. The

second of these is meaningful , but not the first. If we consider the case with

a shock we put

X ______ ____ -

into Eq. (54) to get, after using Eq. (15),

-27, -Al .yL ; T J (56)

This is exactly the same as Eq. (35), just as it should be because the R+

line in Fig. 2 is the same whether we consider a shock solution along
O-N-CJ+ 5 or a no shock one along O-CJ + , The two solutions of Eq. (56) are

interpreted as a Von Neumann detonation along O-N-CJ , and an

unphysical shocked deflagration along O-S-CJ- . Out of the four solutions

obtained v.e only desire the shocked detonation O-r1-Cj+, and the no-shock

deflagration O-Cd- Their detonation velocities are given by the roots

D+ = c Heand 0- = cr11 of Eq, (351. Using Eq. (15) we get the ma+
0 00+ - 00- 1+

that goes with 11 while the m! that goes with M is0+ 1 0-
m_ = . Knowing ml+ and mi_ we go to1- 0- d e go to

Eq. (49) and we get mI+ and in_ as functions of Ni(z). Finally from
+ 1

Eq. (4 0 v we can integrate to get XI(z) . This first iterate reproduces

the results of Sec. IV becausedA/dzý;as neglected. But we begin to see

the source of the two roots in the work of Tsuge et al.12 When we compute

the next iteration the results of the expansion will come in. But as the

diameter goes to the expansion becomes negligible and the results reduce

to M+ and il To compute m we gu to Eq. ( ,)iwth n=2.

We integrate it with the boundary conidition

(20)
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Yfl' Ca ) Y (57)

The result is

} LA% ' AP aŽ

(58)
m2 is determined by imposing the bounded dm~dz condition to the right

hand side of Eq. (48) with n=2. At the sonic point Zs2 we have

z (59)

Eq. (40) was used to obtain Eq. (59). The latter equation says that N. • 1 at

the sonic point so the reactions are not completed. Some of the energy

will be released late leading to nonideal behavior. In principle Eq. (59)

determines Z2  in terms of m2  This can be seen as follows. We

have that

so that c in Eq. C59) is known in terms of m2  and c Also from Eq. (40)

L

T(61)

(P i
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In Eq. (61) m2 is know,.'n in ter.;s of ,• from Lq.(58) • (We assume that

I dA/dz is explicitly known. as a function of Z ) Therefore one can
integrate Eq. (61) to get as o function of L and M2

When this function x2 ( 7, mi is substituted into Eq. (59) one
can find Zs as a function of r 2  as claimed. Now we go back to

s1
Eq.(58) and demand that

L

and get

+'&~) ", 0c,) (63)

In Eq. (63) Z^ ano are functions of M2  So Eq. (63) is an
S s

equation for m2  The last terms is the expansion dependent term. Let

~ . (64)

Eq. (63) is rew,-ritten as

This equation reduces to Eq. (54) as - 0 and A2 +1as A.-,O
SThus there is a cleats connection between the two branches to be obtained from

Eq. (65) and re ienreaults. The to roots of Eq. (65) are obtained

by the quadratic formula as

S\••J - L (,65)- 2 •,

(22)
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For small c these two roots give the mf and nl_ of before
.ý2..which were connected with the eI and ml of Eq(35). As

c and A grow beyond a critical value the two roots become complex, so
there is no real solution and detonaticn failure takes place. To

simplify things let us ignore the variation of x 2  with F
5

Then a plot of the roots versus - appears as in Fig. 4. This is qualitatively

the same as the curve A F

VAG

Fig. 4. Plot of 'ovs. 1/diameter.

obtained numerically by Tsuge et al.For A < Ac (for the diameter greater

than some critical value) there are two branches. The upper branch is

connected as A-o to the 1-dimensional shocked deLonation O-N-CJ÷ of Fig. 2.

The lower branch is connected as A-*0 to the 1-dimensional no-shock

deflagration O-CJ .Now one sees the error in the work Tsuge et al. They

could compute things like Z2 and X2 numerically but with so much
S S

difficulty that the results were hard to interpret.

The qualitative features of the solution are now clear. To get quanti-

tative resultts one needs to inte',rate Eq. (61). This would have to be done
numerically. It is clear that successive steus in the iteration are not

very different from the steps to calculate m2  . No theoretical problems

with convergence should arise although this should be checked numerically

in some specific examples. We propose to do this in future work. The

critical value 5 at which detonation failure occurs is given by

It would be interesting to explore ways in which this behavior could

be checked with experirent. It should be noted that this theory

predicts that the speed of deflagrations increases as the diameter decreases.

At some critical diar;eter the detonation and deflagration velocities are the

same and for siraller diameters thore is no sol,,tion.

(23)
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- VI CONCLUSIONS AND RECO!FNPATTfl�

The couses of nonideal beh�vicr can be su��iwsrized w thrne caterories
(i ) Inccwplete�y eifectiv� use �f The cnecii �el ener:y ftr the

detonation wave (We to the nature of the chc'mic3l react�ons.

If there are rev�rsibhŽ or und:ther:�ic reactions, the effects are

especially iwportant. For stecv�' 1-dimensional flo.:s the
physical theory is prepared to uande the probkm. The knowledge

of the burning rates of the relevant chemical reactions, however,

needs to be improved. I
(ii) Loss of strength due to the lateral expansion of the explosive.

Here the state of the physical theory is not so good. In Sec. V

we presented a calculation for detonation failure. The radial

flow was not calculated but was assu�'.ed known. The analytical

solution presented should be checkee with numerical calculations.

A further step would be to compare these results with experiment.

The author would like to be able to pursue these further

developments.
I
I

(iii) Loss of strength due to transverse structure of the front and
non-steady phenomena in the detonation. These effects are

interesting per so and their effects on nonideal behavior are j
judged to be ii�portantK These wave in�tabi1ity problems were

not addressed in this research effort because the author felt

he needed a good understanding of the simpler aspects of noni-

deal behavior before addressinu thc;.. There is much room for


